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(57) Abstract: A passband-flattened [diasar including two free space regions (48, 52) coupled by a plurality of waveguides (50) 
having predetermined differences between their lengths so as to act as an arrayed waveguide grating. The phasai is particulariy 
useful in a wavelength-division multiplexed (WDM) optical communication system. The input waveguide is coupled to the first ficee 
space region tfaiougji a Mach-Zehnder interferometer (MZI) (64) having two waveguide arms (66, 68) of differing lengths receiving 
approximately equal amounts of the input signaL The aims differ in lengths so as to produce a phase difference between them. In 
WDM netwoik, die waveguide arm produces a phase difference such that the free spectral range of die MZI equals the wavelength 
channel spacing, such that die wavdengdi response of the MZI is the same for each of the WDM wavelengths. The two outputs of 
the MZI are coupled into die input end of a multi-mode interferometer (MMI) (44) with a lateral separadon whxdi provides a lateral 
spatial disposion in die MMI equalling the lateral spatial dispersion of the conventional phasar. Thereby, a larger portion of die 
passband is e^ially-passed through the phasar. 
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PHASAR WITH FLATTENED PASS-BAND 



FIELD OF THE INVENTION 

The invention relates to phasars, arrayed waveguide gratings and optical 
communications networks. 

BACKGROUND ART 

Optical wavelength-division multiplexing (WDM) elements are becoming 
increasingly important in advanced optical communications networks incorporating 
optical fibre transmission paths. Silica optical fibre has a transmission bandwidth of over 
300 terahenz. Such an extremely large bandwidth is. however, limited by the electronics 
on the transmitting and receiving ends. Such electronic transmitters and receivers, 
tvpically bases on silicon electronics, are limited commercially at the present time to 2 
to 1 0 gigabits/s (Gbs). Further increases to 40Gbs are contemplated, but ftirther increases 
will be difficult to achieved. 

For these reasons, WDM has been proposed in which multiple (:V) electronic data 
channels, as illustrated in Figure 1, enter a transmitter 10 and modulate separate optical 
emitters such as lasers 12 having yV respective output carrier wavelengths Xi, Xi, ..An. 
Conveniently, these wavelengths are arranged in a WDM wavelength comb having the 
neighbouring wavelengths X\. /-2, ...Xn separated by a substantially constant inter-channel 
spacing given by 



An optical wavelength-division multiplexer 14 combines the optical signals of 
different wavelengths and outputs the combined signal on a single optical fibre 16. An 
optical receiver 20 includes a wavelength-division demultiplexer 22 which divides its 
received signals according to their optical wavelength to A'^ optical detectors 24 according 
to the same wavelength allocation Xu X2, ...Xn- In view of usually experienced reciprocity 
in passive systems, a wavelength-division demultiplexer is usually substantially identical 
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lo a vvavelengih-division muHipiexer with a reversal of their inputs and outputs. 

Additionally, an optical add/drop multiplexer (ADM) 30 may be interposed on 
the optical path 16 between the transmitter and the receiver 20. The optical add/drop 
multiplexer 30 removes from the optical channel on the fibre 16 one or more wavelength 
channels at wavelength Vad and inserts back onto the fibre 16 an optical data signal 
perhaps containing different information but at the same optical carrier wavelength Xad- 
The ADM 30 is typically implemented with technology closely resembling the WDMs 
14. 22. All-optical networks have been proposed in which a distributed net%vorks having 
many nodes each including a transmitter 10 and receiver 20 are linked by a hinctionally 
passive network which routes the signals between the nodes according to their 
wavelengths. The routing elements in such an all-optical network require switching 
elements similar to the ADM 30. ' 

in order to maximise or at least increase the transmission capacity of the opticai 
fibre 16, the wavelength channels X,, X,, -An should be placed as closely together as 
possible with a minimum channel spacing AXj. In advanced systems, this inter-channel 
spacing AA.s is Inm or less for a signal centred around 1300 or 1550nm. the preferred 
bands for silica fibre. Such closely spaced WDM networks are referred to as dense 
WDM networks (DWDM). 

The network dBsign described above may be subject to a problem arising from the 
fact that the operation of the transmitter 1 0. receiver 20 and intermediate node 30 are all 
referenced to the same set of WDM wavelengths A.,, k.- ..An. However each of the 
distributed elements must provide its own wavelength calibration. Due to environmental 
and ageing effects, the wavelength calibration settings at one element are likely to differ 
from those at another element. In view of the close spacing of the optical channels, any 
miscalibration between network elements is likely to produce inter-channel interference. 

For an optimised optical system, the fibre 16, the WDMs 14, 22. and the ADM 
30 are typically designed to be single-mode at least at their ports for the optical 
wavelengths being used. Although each of the lasers 12 is likely emitting light across an 
exceedingly narrow bandwidth, the single-mode response of the frequency sensitive 
elements 14, 22, 30 usually has a wavelength (frequency) characteristic that approximates 
to a gaussian distribution about the centre wavelength Xo of the channel 
F(X)=exp(-(\-Xo)/AXc). The value of the gaussian passband AXo can be fairly fi-eeiy 
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chosen for present day tabricaiion ceehniques. However, the value of the passband Is 
subject to countervailing restraints. For dense WDM systems* the imer-channel spacing 
is made as small as possible. The gaussian passband AXo must be substantially 
smaller than the inter-channel spacing AXs to avoid interference between channels. On 
the other hand, the frequency characteristics of the lasers 12 and other frequency-sensitive 
elements are subject to permanent or temporary variations. If the passband AXg is made 
too small, the peak is very narrow and small variations in wavelength away from the 
peak s vvavelengih ko causes operation to shift to the sides of the peak, thereby degrading 
the signal strength. That is, for a strong signal the passband AXo should be made as large 
as possible to provide a broad top of the peak. 

Amersfoort et al. have already recognised these problems, as disclosed in US 
Patent 5,629.992, These patents describe arrayed waveguide gratings, also called phasars. 
of the sort described by Hunsperger et al. in US Patent 4.773.063. and by Dragone in US 
Patents 5.412.744 and 5.488,680. In particular .Ajnersfoort et al. describe a WDM phasar 
40 e.xemplified in the schematic illustration of Figure 2. A single-mode waveguide 42 
is coupled to one end of a multi-mode waveguide 44 of length chosen to produce a 
doubled image of the radiation from the single-mode waveguide 42 at a port 46 on one 
side wall 47 of a first free space region 48. The multi-mode waveguide 44 acts as a 
multi-mode interferometer (MMI). Multiple single-mode array waveguides 50 are 
coupled to ports on the other side of the first free space region 48 in the form of a star 
coupler. The array waveguides 50 are coupled on the other end to one side of a second 
free space region 52. The array waveguides 50 have lengths with predetermined length 
differences between them to act as an arrayed waveguide grating (AWG), operating 
similarly to a planar diffraction grating. Single-mode output waveguides 54 are coupled 
to the other side of the second free space region 50 along an output wall 56. The AWG 
causes the multi -wavelength signal from the input waveguide 42 to be wavelength 
demultiplexed on the respective output waveguides 54. Because of the reciprocal nature 
of the device, the roles of input and output can be reversed so that the same structure can 
be used as a wavelength multiplexer and as a wavelength demultiplexer. The placement 
and number of waveguides contemplated by Amersfoort et al. are wider than the example 
of a single input presented below. 

The gaussian wavelength distribution described above for single-mode elements 
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is related to the Gaussian spatial distribution ot intensity experienced at the' outputs" of 
single-mode fibres. However, the multi-mode waveguide 44. because it typically 
contains two closely spaced peaks at the port 46. produces a spatial output pattern into 
the first tree space region 48 that is not gaussian but is much flatter at its peak than a 
corresponding gaussian distribution of the same passband. The wavelength characterisuc 
of the free space between the multi-mode waveguide 44 and the rest of the phasar40 is 
therefore also flattened. As a result, with the use of the multi-mode interference filter 44. 
it is possible to obtain a narrow wavelength response for the phasar but with smaller 
variations in response for small wavelength variations about the central values. However, 
the MMI solution of .Amersfoort et al. suffers a power penalty of 2 to 3dB as the single- 
mode power is spread out over a wider area. Chen discloses a somewhat similar 
approach in US Patent 5.889.906. wherein he uses muiti-mode sections, not in order to 
flatten the bandpass of the individual channels as Amersfoon et al. did. but in order to 
obtain better uniformity for the different individual channels. 

Dragone in US Patent 5.412.744 broadens the passband of a standard phasar by 
having a Y-coupler interposed between the single-mode input waveguide 42 and two 
single-mode waveguides separately coupled into the free space region 48. The result is 
to spread the intensity for one mode across a larger area on the input wall of the free 
space region 48. This approach suffers a similar power penalty of 2 to 3dB. 

Dragone in US Patent 5.488.680 suggests the advantage of cascading wavelength 
routing devices such as phasars. One configuration he develops includes a Mach-Zehnder 
interferometer (iVIZI). a 3dB cross coupler between the two output waveguides of the 
MZI. and a standard phasar having a fu-st free space region receiving the two waveguides 
from the MZI on its input wall. The geometry is such that one output waveguide focuses 
radiation of one wavelength at the output of the phasar and the other output waveguide 
radiation of another wavelength there with about 0.9dB ripple for wavelengths in 
between. Thereby, the passband of the combination of the Mach-Zehnder and the phasar 
is flattened. 

Thompson et al. disclose an alternative technique for passband flattening of a 
phasar in "An original low-loss and pass-band flattened SiOj on Si planar wavelength 
demultiplexer." OFC V8 Technical Digest, Optical Fibre Conference, 1988. February 22- 
27. San Jose, California, p. 77. Two phasars are arranged in series. The first phasar has 
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a free spectral range equal to ihe channel spacing. The free spectral range is the 
trequency range over which the frequency characteristics are repealed. In most one-stage 
phasar designs, ail A' channel spacings tit within one free spectral range. While the 
Thompson design theoretically offers a lossless broadening, in practice phasars are 
difficult to build to achieve optimum performance. 

Accordingly, it is desired to provide a phasar design which offers passband 
flattening with low loss in a simple design. 

SUMMARY OF THE INVENTION 

Various respective aspects and features of the invention are defined in the 
appended claims. 

An aspect of the invention involves a phasar which is an optical coupler, such as 
a wavelength multiplexer or demultiplexer, which includes an arrayed waveguide grating 
between two free space regions, particularly applicable to a wavelength-division 
multiplexing (WDM) communication system transmitting a plurality of wavelength- 
differentiated signals separated by a wavelength channel spacing. A Mach-Zehnder 
interferometer fMZI) receives an optical input signal, divides it into two pans, and passes 
the parts through waveguides of differing lengths, thereby inu-oducing a phase difference 
between the two parts dependent upon the wavelength. The MZI is designed with a 
spectral free range equal to the channel spacing so that the MZI presents the same optical 
characteristics for each of the WDM signals. The two parts of the MZI signal are input 
to a multi-mode interferometer (MMI) outpuning to a first free space region. The MMI 
preferably has a length which is a half integral of the beat length of the two lowest order 
modes such that the lateral position of maximum intensity at the interface between the 
MMI and the free space region depends upon the phase difference of the signals from the 
MZI. The MZI inputs are laterally spaced on one side of the MMI so that the signal 
output fi-om the MMI to the free space region has a lateral spatial optical dispersion 
matching the wall optical dispersion of the phasar. Thereby, the transmission 
characteristics of the phasar are flattened for each of the passbands of the phasar. 
Alternatively, such an arrangement can be disposed on the output side. 

It is desired that such wavelength-dispersive elements have channel spacings 
which are as small as possible. However, the smaller the channel spacing the greater the 



-5- 



SUBStlTUTE SHEET (RULE 26) 



wo 0I/i3270 



VGBOO/04192 



problems caused by interference between neighbouring channels such as cross-talk. To 
overcome this problem, wavelength dispersive elements having a flat passband spectra 
are desired. 

Often, a signal passing through a wavelength dispersive element may originate 
from a plurality of different transmitting lasers, with each laser being intended to transmit 
at a wavelength within an extremely narrow wavelength band. Errors in signal 
transmission can be caused due to drift of one or more lasers outside this narrow 
wavelength bsmd, or even away from the centre of this wavelength band. 

An attempt to address this problem was made in US 5,629,992. This patent 
proposes the use of a multi-mode interference filter which produces a multiple image of 
an input signal at one of its ends connected to the input of a fi-equency dispersive element. 
Embodiments of the present invention can provide an improvement on this device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the invention will now be described with reference to the 
accompanying drawings, throughout which like parts are referred to by like references, 
and in which: 

Figtire 1 is a schematic diagram of a wavelength-division multiplexing (WDM) 
optical fibre communication system; 

Figure 2 is a schematic illustration of a prior art design for broadening the 
passband ih a phasar by the use of a multi-mode interference filter; 

Figure 3 is a schematic illustration of an embodiment of a passband-broadened 
phasar of an embodiment of the present invention; 

Figure 4 is an exploded view of a portion of Figure 3; 

Figures 5A through 5H are graphs showing the lateral displacement of an 
intensity peak at the output plane of the multi-mode interferometer as a function of the 
phase difference of the signals input to the multi-mode interferometer; 

Figure 6 and 7 contain graphs illustrating the passband flattening achievable with 
the invention and compared to the prior art; 

Figures 8 through 13 are schematic illustrations of alternative embodiments of the 
invention; 

Figure 14 shows the waveguide pattern of an AWG multi/demultiplexer chip; 
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Figure 1 5 shows schemaiically the function of an A WG multi/demultiplexer; 
Figure 1 6 shows a schematic perspective of an optical substrate; 
Figure 1 7 shows schematically a multimode interference filter of the prior art; 
Figure 18 shows schematically a device according to an embodiment of the 
invention; 

Figure 19 schematically illustrates the profile of the waveguide mode at the input 
and output of a conventional MMI: 

Figure 20 schematically illustrates the situation in which the connecting 
waveguide is tapered so that it broadens transversely towards the MMI; 

Figure 21 schematically illustrates the situation where the MMI itself has a 
varying transverse width; 

Figure 22 illustrates simulation results for the filter response of an MM! having 
parallel sides; and 

Figure 23 schematically illustrates a similar plot for an MMI having a width 
tapering from 16 to 20um. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
One embodiment of the invention is schematically illustrated in the optical circuit 
of Figtire 3. The portion of the optical circuit close to the multi-mode interferometer 44 
is shown in more detail in the exploded view of Figure 4. The optical circuit includes a 
Mach-Zehnder interferometer (MZI) 60 which produces a linear dispersion of a 
distributed wavelength signal that balances the dispersion of the phasar 40 around the 
wavelength of the centre channel of the multi- wavelength signal Xi, Xz, ...Xn. The Mach- 
Zehnder interferometer 60 receives the multi-wavelength signal on a single-mode fibre 
62 or other optical waveguide. A Y-coupIer 64 or other type of 50:50 optical power 
splitter divides the signal to two single-mode waveguide arms 66, 68 of the MZI 60, 
preferably with equal intensities. The two arms 66, 68 have different physical lengths 
differing by AL so that a phase difference Aq> arises between signals of equal wavelength 
Xi as they traverse the MZI 60. However, the phase difference depends upon the value 
of the wavelength, as given by Equation (1) 
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A^ = 2nAL^^^^ (2) 



where n^jfXj is the effective optical index of the two waveguides 66, 68 at the central 
wavelength X. of the WDM comb. It is assumed that the waveguides are of similar 
construction. However, an inspection of Equation (2) shows that the more relevant length 
is the optical length including the refractive index rather than the physical length. 
Techniques are well know for dynamically varying the refractive index in a waveguide 
by an electronic signal, for example, by a thermo-optic, electro-optic or piezo-electric 
effect, as described by Nishihara et al. in Opiicai Integrated Circuits, (McGraw-Hill 
1985. ISBN 0-07-046092-2). The MZI may be designed to operate in a higher order 
mode m in which there are extra multiples of 2:: in the phase difference. The order is 
given by 



n 



(3) 



The free spectral range AXfsr of an optical device is the wavelength difference 
over which the spectral characteristics repeat, generally corresponding to the next higher 
multiple of the optical wavelength. At higher orders, the free spectral range becomes 
increasingly narrow. For the MZI 60 operating in a high-order mode, the free spectral 
range is given by 



m (4) 



According to one aspect of the invention, the free spectral range AXfsr is made 
approximately equal to the inter-channel spacing AXs with the result that the MZI 60 is 
designed to operate in the high order mode given by 



A/l. • (5) 
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The equality need noi be exact but AX,:.sr should be accurate within 0.25/.Vof the 
channel spacing AAs. where ;V is the number of output channels For a channel spacing 
below I nm tor infrared radiation of 1 300 to 1 550nm. the order m is above 1 000. The 
result of such a design is that the spectral response of the MZI 60 is the same for each of 
.he WDM wavelengths X,. ..^ although there may be significant variations for small 
wavelength variations about the central values of the WDM wavelengths. The waveguide 
arms 64, 68 operating with the free spectral range equal to the channel spacing are 
preferably designed such that signals precisely calibrated to each of the ;V WDM 
wavelengths X.. k,. ...an traverse the MZI 60 with zero phase difference A(p. When the 
number /V of output-chartnels of the phasar is even, the design may be such that a 180» 
phase difference between the two arms 64. 68 is required. 

The MZI waveguides 64. 64 have ends that approach each other as they near the 
MMI 44. However, their close approach does not extend over an appreciable distance, 
and the interaction length is much less the 3dB coupling length promoted by Dragone. 
As a result, the wavelength components enter the MMI 44 with equal intensity but with 
a phase difference varying with wavelength. Any unintended coupling during close 
approach can be partly eliminated by a slight reduction of the length of the MMI section 
44. 

As shown best in Figure 4. the two waveguide aims 66,68 are separately coupled 
into the multi-mode interference interferometer (MMI) 44 with a gap between them on 
one longitudinal end of the MMI 44. The gap is preferably measured by a separation G 
between the centres of the MZI waveguide 66, 68 as they enter the MMI 44. The MZI 
waveguides 66. 68 have ends that approach each other as they near the MMI 44. 
However, their close approach does not extend over an appreciable distance, and the 
interaction length is much less the 3dB coupling length promoted by Dragone. Although 
the MZI 60 and MMI 44 are closely coupled without a clear interface between them, it 
can be considered that the signals at a given wavelength propagating on the two MZI 
waveguides 66. 68 enter the MMI 44 with equal intensity but with a phase difference 
varying with wavelength of the two signals. 

The length Lmmi of the MMI 44 is chosen to be approximately half the beat length 
U between the two lowest order modes, that is. 



-9- 



SUBStmJTE SHEET (RULE 26) 



WO01/33?70 W WcT/GBOO/04192 

L =Ai 

2 (6) 

where the beat length is represented by 



where n., and n, are the effective optical indices for the fundamental and next higher- 
order modes supported in the MMI 44. The 2-D engineering approximation for the beat 
length on the right side of Equation (7) depends upon W. which is the width of the MMI- 
section, and «c . which is the effective index of the core region of the waveguide. It is 
assumed that only two non-degenerate modes are supponed. but the invention is not so 
limited. A wide MMI supports many modes and results in nearly perfect imaging using 
either paired or general interference, as is described by Soldano et ai. in "Optical multi- 
mode interference devices based on self-imaging principles and applications", IEEE 
Journal Lightwave Technology', vol. 13, no. 4, pp. 615-627, 1995. However perfect 
imaging is not panicularly desired in the present invention. Instead, it is desired to 
achieve linear dispersion of a gaussian peak and low crosstalk, which is better realised 
with smaller MMI sections supporting only two lateral modes, and consequently 
introducing some excess loss of approximately 0.3 dB. 

For the preferred technology of silica on silicon, with Ge-doped silica waveguides 
with core-to-cladding index-difference of 0.0075 and 7^m x 7^m cores, the beat length 
L„ equals approximately 750^m and thus Lmmi approximately equals 350nm including 
some reduction approximately accounting for the waveguide cross coupling, where the 
MMI width is taken to be approximately 20jun. It is possible that the MMI length be 
increased by multiples of the beat length so that acceptable lengths are approximately Vz, 
3/2. 5/2, etc. of the beat length, but it must be remembered that the addition of a beat 
length to the length of the MMI changes the sign of the dispersion. 

The optical signals from the two inputs to the MMI 44 can be considered to 
propagate independently. However, the two radiation signals interfere according to the 
phase difference between them. At half the beat length, the intensity distribution at the 
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port 46 between the MMI 44 and the first tree space region 48 has a spatial dispersion 
across the port 46 that varies almost linearly with the phase ditlterence A<p for a restricted 
range of phase differences, for example, between -90» and 90^. 

A calculation has been performed based upon an MMI having a width W.mm, of 
20um and a half-beat length of 350nm compared to a single-mode waveguide width of 
7jim and where the separation G between the input waveguides is lOnm. The optical 
intensity / measured in dB was calculated over a width of =60^m from the centre of the 
MMI for phase differences A(p over the range of -180» to +135«. Tiie results are graphed 
in Figures 5 A through 5H. Considering only Figures 5C through 5G. the position of the 
intensity peak varied over about 10pm as the phase difference A(p varied between -90= 
and 90«. Furthermore, the peak position varies approximately linearly with the phase 
difference. Because the phase difference varies with the wavelength, as is evident from 
Equation (2), the variation in peak position may be represented by a lateral MMI 
dispersion dX/dy)MM,, the sign of which depends on whether the upper or lower branch 
66. 68 ot the MZI 60 is longer, resulting in a positive or negative sign respectively. 

In very general terms for a simple embodiment of the invention, the MMI 44 
supports a llmdamental mode with one lateral peak in the centre of the MMI output plane 
46 and a first harmonic mode that has two lateral peaks at that position. The two MZI 
waveguides 66. 68 are approximately aligned with respective ones of the two harmonic 
peaks. At the half-beat length, a zero phase difference produces a strong fundamental 
peak with small harmonic peaks; at positive or negative phase differences, one or the 
other of the harmonic peaks dominate more, and the centre of the peak has a lateral 
displacement with respect to the centre. 

For phase differences of magnitude greater than approximately 90^, the linear 
relation between lateral position and wavelength breaks down. These large phase 
differences correspond to wavelengths between the WDM comb. The precise value of 
the onset of the non-correspondence between position and wavelength is not crucial to 
the operation of the invention. 

As shovwi in the exploded schematic view of Figure 3, the phasar 40 is designed 
so that the first free space region 48 has a spatial dispersion dAydy)wALL along the wall 
including the port 46 between the MMI 44 and the first free space region 48. If 
hypothetical waveguides carrying signals of distinctive wavelengths were coupled into 
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the first tree space reg.on 48 at locat.ons coxrespondir^g to waveier^aths cilculated to 
mclude the spatial dispers.on dA/dy V.^, all the different wavelengths would be focused 
at a smgle spot on the output wall 56 of the second free space region 52 of Figure 3 
Another way of view.ng the optical dispersion is to consider a multi-wavelength signal 
entenng the first free space region at a fixed position on its wall 47 and determining the 
wavelength dispersion of that signal on the output wall 56 of the second free space region 
.2. The lateral dispersion of the MMI 44 is designed to compensate for the wavelength 
dispersion on the output wall 56 so that a broadened passband is presented to a single 
pomt on the output wall 56. Assuming that the phasar 40 is designed to have generally 
symmetric input and output geometries, the spatial dispersion is what enables a multi- 
wavelength signal input on the waveguide 42 to be wavelength demultiplexed into the 
output waveguides 54, and similarly for multiplexing in the opposite direction, but this 
separation is between different wavelengths of the WDM comb. The compensation of 
the mvention is useful when limited to a limited passband of the separate wavelengths. 

According to the invention, the phasar and MMI are designed such that the phasar 
spatial dispersion and the MMI lateral dispersion are equal 

Of course, it is important that the sign of the dispersion of the MMI and the phasar 
ar. the same at the wall 46. The sign of the dispersion of the phasar dA/dy)w^ depends 
on whether the length increments of the branches 50 is positive or negative An 
implementation where the dispei^.on .s of correct sign is shown in Figure 3. It is further 
appreciated that the equality need not be exact and a 25% variation between the two 
would still produce an advantageous result. Because of the equality of the inter-channel 
spacing and the spectral free range, the MMI lateral dispersion can be represented by 



2C ~ dy) 



u'Au (8) 



That is, half a channel spacing is spread across the separation between the MZI 
waveguides at their interface to the MMI. In the usual symmetric phasar design, the 
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spatial dispersion is equal on the input and ouipuf walls. If the v^-avecuide spacing on the 
output wall is d. then the input waveguide separation G should be approximately half this 
value. For a more conservative design utilising less than half of the inter-channel phase 
spacing, G may be somewhat less than half of c/. for example. 0.4. while still maintaining 
equality of the two spatial dispersions. 

-As mentioned above, each of the precise WDM wavelengths X,. X,. ...X^ should 
enter the MMI 44 with zero phase difference Atp (or 180» for even values of /V). and thus 
each will have a peak laterally positioned in the middle of port 56 between the free space 
region 48 and the MMI 44 of half beat length. AH these precisely registered signals will 
be demultiplexed according to wavelength to the corresponding output waveguide 54 of 
Figure 3. Furthermore, because of the matching of dispersion, signals entering the MMI 
44 from the MZI 60 with phase differences A(p between r90» will also be accurately 
conveyed across the phasar to be demultiplexed on the proper output waveguide 54. This 
phase window of 180» corresponds to half the channel spacing AXs. The result is a 
spectral response that is approximately flat for half the channel spacing and thus much 
Hatter than the typical gaussian response exhibited by phasars. 

An example of the passband flattening achievable with the invention is presented 
in the graphs of Figure 6, which are based upon calculations. When the MMI is designed 
with a large width of 30Hm and the waveguide separations G is lO^im, the spectral 
response of the phasar is represented by the double-peaked curve 70 of Figure 6. A far 
better spectral response is obtained when the MMI is designed with a width of 18.5fmi 
with the same gap G of lO^im so that the MMI supports only two modes. The resulting 
spectral response is represented by the flattened curve 72. This response should be 
compared to the response represented by a double-peak curve 74, shown in Figure 7, for 
the Dragone phasar using a 3dB coupler between the MZI outputs rather than an MMI. 
Each of the two peaks corresponds to the generally gaussian response of the Dragone 
phasar. The peaks of Dragone are doubled because the MZI introduces the signals at two 
different spots along phasar wall. If the MZI were not used, the spectral response would 
correspond to one of the peaks. 

The phasar represented in Figure 3 is a linear, reciprocal device. Accordingly, it 
can be operated either as a demultiplexer as described or a multiplexer in which different 
wavelength signals are separately input on the respective corresponding waveguides 54 
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a.d a single w»vele„ph mu.iipl=x«l-sig„ai is o„,pu, „„ ,„c .vnvecuide 62. Bv » simiia, 
«,e„s,o„. r«p.c,ive MZls a,M iVIMls can be placed on each of .he Aoutpu. waveauides 
raiher ,han a single pair on .he one inpu, waveguide. Also. i. is well kno>vn a 
den,„.,iple.xer such as .ha. il,us„a,ed ,n Figu. 3 can be generalised ,o an opuca, spl.ner 
hav,„g „,o,c .han one ,„pu, waveguide 62. In Ms case, each of ,he inpu, wavegu,des has 
"s own MZI and MM,. wi,h ,he MMIs posi.ion«, a. precsely chosen ,oca.i„ns on .he 
inpui wall of the tlrst free space region. 

The geomeay of U,e in,erface between ,he MZI 60 and MMI 44 illustrated in 
Figure 3 is intended to be only suggesttve. It is prefei^d that adjacent me MMI 44 the 
t.vo MZI waveguides 66, 68 sv-n-metncaUy approach the MMI 44 fro™ different lateral 
Sides with equally curving paths. 

The designs and calculations presented above have assumed a simple «omeuv 
o. a octangular MMI Joined directly ,o symmetrically placed MZI waveauide's Othe; 
destgns are represented in Figure 8 through 1 3 In Figure 8. the MZI waveguides 66 68 
ate asymmetncally placed on the input side of d,e MMI 44. In Figure 9. the MMI 44 is 
.apered. .As a result, the rad.ation field input from the MZI >vaveguides 66. 68 is 
compressed to the output side. The MMI latetal dispersion then needs to be detenmned 
at the output side, not the inpu, side. The ounvard tapering allows a relaxed design for 
.he tntertace betw«„ .he MZI and MMI, In Figure 10. the MMI 44 is boU, .apered and 
angled. Differen, configurations of multi-mode sections wiU, comparable perfonnances 
•or example, bunerfly and angled MMIs. are described by Besse et al. in -New 1 muW: 
mode mterference couplers with free selection of power splining ratios.- ECOC 94 and 
by Besse in Swiss Paten, Application No. 03 3 10/93-3. 4, Nov. 1 993. Similar multi-mode 
secnons are also shown in Figures 2B to 2H of U.S. Paten, 5.889.906 to Chen et al where 
muln-mode sections are used for diSferent purposes. 

In Figure 1 1 , «per sections 80 couple Uic MZI waveguides 66.68 ,o the MMI 44 
The taper sections 80 taper from single mode on the MZI side to double mode on the 
MMI s,de. This allows a more efficient coupltng of the single-mode Held distribution 
trom the MZI branches into the MMI. 

In Figure 12. the taper sections 80 couple directly into the first free space region 
48 of F.gure 3. Each tapered section itself acts as the required multi-mode section 

The embodiment of Figure 13 is close to that of Figures 2 and 3 except that the 
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waveguides 66. 68 have slightly tapered sections 82 that arc adiabatically changed in 
width at the entrance of the MMI section 44. 

Embodiments of the invention thus provides a flanened passband in a phasar. thus 
enabling a multi-wavelength communication system to be more tolerant of waveienath 
drift and other forms of miscalibration between different nodes in a network. The 
flattening is obtained by a slight increase in the complexity of the waveguide structure 
of the phasar. without the need for additional materials or controls. 

Further embodiments of the invention will now be described. 
An Array Waveguide Grating is a planar structure comprising a number of armved 
channel waveguides which together act like a diffraction grating in a spectrometer. ' 

An AWG multip!e.xer is a device which combines optical signals of different 
wavelengths: conversely, an AWG demultiplexer splits a multiplexed signal into a 
plurality of signals. An AWG multiplexer typically comprises two focusing slab regions, 
often called couplers, connected to either end of an arrayed waveguide gmtina. a plurality 
of input waveguides connected to one of the slab regions, and one or more output 
waveguide(s) connected to the other slab region. An AWG demultiplexer typically 
comprises two focusing slab regions connected to either end of an arrayed waveguide 
grating, one or more input waveguide(s) connected to one of the slab regions, and a 
plurality of output waveguides connected to the other slab region. 

Since AWGs work in both directions, a multiplexer can often be used as a 
demultiplexer by using it in the reverse direction. The most flexible device is obtained 
by employing multiple input and output waveguides. The function of the device then 
depends on the nature of the signal, or signals, input to the device, that is whether the 
input is a multiplexed signal of many wavelengths or a plurality of single wavelength 
signals. 

A typical AWG mux/demux, as shown in Figure 14, comprises txvo focusing slab 
regions 1 14, hereafter called couplers, connected to either end of an arrayed waveguide 
grating 1 10. The grating 1 10 consists of an array of channel waveguides 1 12, only some 
of which are shown. Input multiple WDM signals are dispersed and focused 
simultaneously to each prescribed output waveguide 122. 

In the arrangement shown in Figure 14. a substrate 1 18 has formed on it first and 
second couplers 1 14, a plurality of array waveguides 1 12. a plurality of input/output 
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waveguides . 20 connected to .he n.t coupler, and a plurality of inpuuoutput wavouid^ 
.22 connected to the second coupler. The atray waveguides 1 12 and/or input/output 
waveguides 120, 122 are preferably arranged generally side-by-side. 

Each of the waveguides 1 12. 120. .22. has a core 1 15 with a cladding material 
1 16 at least on either side of it. 

The couplers 114 are p«,en,bly star couple,.. „hich are well known in .he ^ 
and wh,ch have curved i„p„, and „u,pu, surfaces. The curve of the input/ou.pu, of ,he 
slabs enhances focusing of ,he signals. bu< also enables neighbouring waveguides ,o be 
angled awa.v f.„„ each Cher in me viciniry of U,e coupler, Iherebv'reducin. ,he cross 
talk. 

The waveguide anay device preferably comprises an arrav llOof waveguides IP 
hav,„g differen, lengths, to provide an array of different path lengths to an ,nput signal 
Prelerably the path length difference between ne.ghbounng waveguides of the array is 
a constant. L. where L=mWn. and A. is the central wavelength of the grat,™.. n. is 'the 
effective refractive index of ,he channel waveguides and m is an integer number. Light 
«.te„ng the launch end of the array undergoes d,ffe,.n,ial phase shifting in each channel 
pmpo„,onal to its length, and emerges from the output end of the array to form a fiee- 
space diflracion panem. The angular position of the peak of the diffracUon pattern is 
related to the relative phase sh,ft between adjacent waveguide channels. The graUng acts 
as a phase grating of order m. Single mode channel waveguides are ptefetablv used to 
enable exact phase control in the grating. 

The arrangement works as follows. Light from an input waveguide expands as 
a 2D diverging wave inside the frrst slab and excites the input of the arraved waveguide 
channels which start along a curve, in this example an arc of a circle with radius r. around 
the slab input. After travelling through the arrayed waveguides, the light at the end face 
of the grating, arranged on a circle with radius r, is radiated as a 2D wave into the second 
slab regton as a converging wavefront and converges to a focal point at the slab exit 
where the outgoing waveguide is located. 

The signal path length difference in the array ,10 results in a wavelength 
dependent tilt of the radiated spherical wave, converging to a shifted focal point The 
puch of the channel waveguides at the grating exit is typically around 1 7^. 

This process is best understood by considering its analogy to a conventional 



-16- 



SUBSTmiTE SHEET (RULE 26) 



wo 01/33270 ^FCT/GBOO/04192 

diffraction uratinu. If the channels in the array were ail of the same length then the 
situation would be identical to a conventional diffraction grating and the central intensity 
peak of the diffraction pattern would lie on the normal to the end face of the array. 
Varying the wavelength of light launched into the array would cause the side-lobes of the 
diffraction pattern to move in a transverse direction but the central, dominant, peak would 
remain stationary. In order to improve the efficiency of diffraction gratings of the t\'pe 
used in spectroscopy it is usual to introduce a slight angle into each of the ruled lines on 
the grating. This process, knowoi as blazing", causes the bulk of the light in the central 
peak to shift to one of the diffracted orders, resulting in a large increase of useful signal. 
The process of blazing is mimicked in the waveguide array by introducing a linear phase 
shift between each waveguide channel. This causes the zero-order diffraction peak to be 
at a large angle to the a.\is of the array but the bulk of the forward travelling light occurs 
in a useful dilYraction order. 

As the wavelength is varied, the angular position of the diffracted beam changes 
enabling the wavelength to be either measured or. in the case of a de-multiple.xer. to be 
isolated. 

The wavelength resolution of the arrayed grating, AA, turns out to have the same 
expression as that for a conventional diffraction grating: 

AA.= A 
i\'m 

where: N is the number of channel waveguides in the array, 
m is the diffraction order. 



Thus for a high resolution a large number of channels and a large diffraction order 
are required. 

Each of the waveguides of the device is preferably a single moded, or 
substantially single-moded waveguide to reduce phase errors as much as possible. 

Referring to the device shown schematically in Figure 15, for a signal transmitted 
m the direction of arrow 'A', the device comprises a single input waveguide and multiple 
output waveguides. The device fiinctions as a demultiplexer, splitting an input signal of 
many wavelengths into a plurality of output signals, each of a single wavelength. The 
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same grating could function i^ reverse, as amultiplexer. as shown by arrow -b"'. 

Figure 16 shows schematically how an optical waveguide is formed on a 
substrate. A silica waveguide is defined to consist of the following regions: 

• a substrate 11 8 of silicon. SiO^ (silica) or the like; 

. a (possibly doped) silica buffer layer 1 19 deposited by thermal oxidation or by flame 
hydrolysis deposition or another method, and of course not required on a silica 
substrate; 

• a (possibly doped) silica cladding layer 1 1 6 deposited by flame hydrolysis (FHD) or 
plasma enhanced chemical vapour deposition; and 

• one or more (possibly doped) cores 115 surrounded by the cladding and buffer 
regions. The cores may be formed by laying down a layer of core glass by FHD and 
a consolidation step, then photolithographically masking and etching to form the core 
paths. The cladding and any other subsequent layers can then be established by FHD. 

For the purpose of characterising an optical waveguide, the following parameters 
are defined: 



'^substrate 


substrate 1 1 8 refractive index 


nbuffcr 


buffer 1 19 refractive index 


Hclad 


cladding 1 16 refractive index 


Ocorc 


core 1 1 5 refractive index 


Substrate 


substrate 118 thickness 


^bufTer 


buffer 119 thickness 


tclad 


cladding 116 thickness 




core 115 thickness 




core 115 width 



A waveguide fabricated according to embodiments of the invention is defined to possess 
the following characteristics: 



Refractive Index (RI) 

ncorc^nclad, tl^uner 

nsubsiraic»nbumer, Hciad, ncorc (for Si substrate) 
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n%ubsuatc Hcorcllor SiO: siibstpate) 



Dimensions 

^subsuatc»lclad+lbufnrr 

Embodiments of the present invention can be used in the context of the A WG 
mux/demux shown in Figure .4. and described earlier. Preferably, such an arranaement 
.s provided as a planar silica-on-silicon integrated chip produced bv FHD However 
other substrates may also be used. The present invention also finds application in many 
Other optical devices. 

Figure 1 7 discloses a multimode interference filter 1 24 emploved at the junction 
ol an mput waveguide 120 with a coupler 114 which couples liaht .nput from the 
waveguide to a wavelength dispersive element, namely an arraved waveuu.de o^atino 

110. - =r a 

In the embodiment shown in Figure 1 8, the device is improved bv the addition of 
a taper section 126 which acts as a mode shaper/transformer between the input wave<niide 
1 20 and the multimode region 1 27. It has been found that the use of such a taper section 
improves the sharpness of the cut-off of the transmission function of the waveguide The 
taper section increases in width towards the multimode ponion 126. This is prefenibly 
(though not exclusively) an adiabatic taper, the taper being arranged to adiabatically 
transmu the light stgnals. such that the mode(s) of the signals passing along the 
waveguides do not couple with higher order modes, until the multimoded section is 
reached. The taper dimensions are typically about 500 microns Ions and about 6 to 16 
ouctons wide. Of course, as shown in the example of Figure 1 1 above, the waveguide 
taper need not be to the same width as the MMI. 

As can be seen in Figure 18, the input waveguide and the multimode position 
have the same width at the connection there between, the device being atrayed so as to 
adiabatically transmit light signals. 

The device of the present invention finds numerous applications, particularly in 
switches, routers, multiplexers and waveguide array devices. 

The system of the preferred embodiment thus has a transmission characteristic 
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which is improved boih by the use ot an MMI filter, as well as by the provision of an 
adiabatic taper section. 

Figure 19 schematically illusu-ates the profile of the waveguide mode at the input 
and output of a conventional MMI filter, that is to say a filter having an abrupt width 
transition between the connecting waveguide and the region forming the MMI itself 
Where the MMI forms part of the input to an AWG, the mode shape at the output of the 
MMI has a correspondence v^dih the wavelength response of each channel of the AWG. 

Figure 20 schematically illustrates the situation in which the connecting 
waveguide is tapered so that it broadens u-ansversely towards the MMI, In this case, the 
two peaks in the output of the MMI are flattened, giving a flattened channel wavelength 
response when used in a device such as an AWG. 

Figure 21 schematically illustrates the situation where the MMI itself has a 
varying transverse width, tapering so that it broadens transversely in a direction away 
from the connecting waveguide. In this case, only a few modes are excited at the input 
end of the MMI. This has the effect of steepening the outer edges of the mode shape at 
the MMI output and so the filter function. 

These results have been confirmed by simulation. Figure 22 illustrates simulation 
results for the filter response of an MMI having parallel sides (i.e. a constant width along 
its length), a width of 16um and a length of 183um. As a comparison. Figure 23 
schematically illusu-aies a similar plot for an MMI having a width tapering from 16 to 
20um and a length of 1 83um. The vertical scales are in dB and the horizontal scales in 
arbitrary wavelength units, identical between the two Figures. It can be seen that the 
tapered MMI has a squarer. flatter filter profile. 
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• CLAIMS 

1 A passband-nanened phasar. comprising a phasar comprising two free space 
regions coupled by a plurality of arrayed waveguides and having at least one optical 
waveguide disposed on an output side of a f.rst one of the free space regions and a 
plurality of optical waveguides disposed on an output side of a second one of the free 
space regions, there being disposed between one of the optical waveguides and one of the 
free space regions a structure comprising: 

a Mach-Zehnder interferometer coupled to said one waveguide on one side and 
having two ports on a second side thereof: and 

a multi-mode waveguide supporting more than one laterally defined mode and 
having a first end coupled to said the two ports of the Mach-Zehnder interferometer at 
least two positions with a separation therebetween and a second end coupled to said one 
free space region. 



ion 



2. The phasar of Claim 1, wherein said separation provides a lateral dispers 
of said multi-mode waveguide substantially equal to a lateral dispersion of said two free 
space regions and said arrayed waveguides. 

3. The phasar of Claim 1. wherein said multi-mode waveguide has a length 
approximately equal to a multiple plus a half of a beat length between a fundamental 
mode and a next higher mode supported by said multi-mode waveguide. 

4. The phasar of Claim 3, wherein said separation provides a lateral dispersion 
of said multi-mode waveguide substantially equal to a lateral dispersion of said two free 
space regions and said arrayed waveguides 

5. The phasar of Claim 1, wherein said Mach-Zehnder interferometer comprises 
an optical coupler coupling an optical signal on a single-port side to two optical signals 
on a two-port side. 



6. The phasar of Claim 5, wherein said optical coupler is a Y-coupler. 
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7. The phasar of Claim 1 , wherein said Mach-Zehnder interferometer comprises 
two single-mode waveguides having different optical lengths. 

8. The phasar of Claim 7, wherein respective tapered waveguides have first 
single-mode ends connected to respective ones of said single-mode waveguides of said 
Mach-Zehnder interferometer and second multi-mode ends coupled to said multi-mode 
waveguide. 



9. The phasar of Claim 7. funher comprising at least one electrically controlled 
means for varying a refractive index associated with said single-mode waveguides of said 
Mach-Zehnder interferometer. 

10. The passband-flanened phasar of Claim I . wherein no cross coupler couples 
optical signals of said two ports to 3dB or more between said Mach-Zehnder 
interferometer and said multi-mode waveguide. 

11. The phasar of Claim 1, wherein said phasar is incorporated into a 
wavelength-division multiplexing (WDM) system for transmitting a plurality of WDM 
wavelengths in a comb of wavelengths separated by a channel spacing and wherein said 
Mach-Zehnder interferometer has a spectral free range approximately equal to said 
channel spacing. 

12. A phasar, comprising: 

a first input channel being single mode within a band of transmission 
wavelengths; 

an optical splitter having a input port coupled to said first fibre and having two 
output ports receiving approximately having an energy of a signal received on said input 
port; 

a first and a second waveguide coupled to said two output ports and having 
optical lengths differing by a selected optical length difference; 
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a multi-mode waveguide being mulli-moded across said band of transmission 
wavelengths, having a input side coupled to said first and second waveguides with a 
lateral separation therebetween and having a length approximately equal to a multiple 
plus one-half of a beat length of said band of transmission wavelengths, and having an 
output side: 

a first free space region coupled on a first side thereof to said output side of said 
multi-mode waveguide; 

a array of waveguides coupled to a second side of said first free space regions 
having predetermined differences of lengths thereof; 

a second free space region coupled on a first side thereof to said array of 
waveguides; and 

and at least one output waveguide coupled to a second side of said second free 
space region. 



13. A phasar, comprising: 

a first input channel being single mode within a band of transmission 
wavelengths; 

an optical splitter having a input port coupled to said first fibre and having two 
output ports receiving approximately having an energy of a signal received on said input 
port: 

a first and a second waveguide coupled to said two output pons and having 
optical lengths differing by a predetermined optical length difference; 

a multi-mode waveguide being multi-moded across said band of transmission 
wavelengths, having a input side coupled to said first and second waveguides widi a 
lateral separation therebetween; 

a first free space region coupled on a first side thereof to said output side of said 
multi-mode waveguide; 

a array of waveguides coupled to a second side of said first free space regions 
having predetermined differences of lengths thereof; 

a second free space region coupled on a first side thereof to said array of 
waveguides; and 
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at least one output wdveguidd coupled to a second side of said second free space 

region; 

wherein said separation produces a lateral dispersion within said multi-mode 
waveguide adjacent to said first free space region substantially equal to a lateral 
dispersion produced by said first and second free space regions and said arrayed 
waveguide. 

14. The passband-flattened phasar of Claim 13. wherein said multi-mode 
waveguide has a length approximately equal to a multiple plus one-half of a beat length 
of said band of transmission wavelengths, and having an output side. 

15. A wavelength-division multiplexing (WDM) communication system 
comprising multiple single-mode optical channels carrying a multiplicity of optical 
signals having respective optical carrier wavelengths, said system including a wavelength 
routing phasar comprising; 

a first free space region; 
a second free space region; 

a plurality of arrayed optical waveguides coupled to first sides of said fmt and 
second free space regions having optical lengths having predetermined optical length 
differences therebetween; 

a Mach-Zehnder interferometer having an optical splitter including a port on one 
side thereof connected to one of said single-mode optical channels and two ports on a 
second side thereof; and 

a multi-mode waveguide, which is multi-mode at all of said WDM comb, coupled 
on a first longitudinal end to said two ports from said Mach-Zehnder interferometer and 
coupled on a second longitudinal end to one of said first and second free space regions. 

16. The communication system of Claim 15, wherein said optical carrier 
wavelengths are arranged in a WDM comb with neighbouring wavelengths separated by 
a wavelength channel separation and wherein said Mach-Zehnder interfen>meter has a 
free spectral range substantially equal to said wavelength chamiel separation. 
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17. Tlie communicafion system of Claim 15. wherein a spatial lateral optical 
dispersion of said multi-mode waveguide at an interface with said one free space region 
substantially equals a spatial lateral optical dispersion of said first and second free space 
regions and said arrayed waveguides adjacent to said multi-mode waveguide. 

18. The communication system of Claim 17, wherein said optical carrier 
wavelengths are arranged in a WDM comb with neighbouring wavelengths separated by 
a wavelength channel separation and wherein said Mach-Zehnder interferometer has a 
free spectral range substantially equal to said wavelength channel separation. 

19. The communication system of Claim 15, wherein said single-mode optical 
channels comprise optical fibres and ftirther comprising a plurality of communication 
nodes interconnected by said optical fibres. 

20. An optical device comprising an input/output substantially single-moded 
waveguide optically connected to a multi-mode interference (MMI) filter, said multi- 
mode interference filter being optically connected to a wavelength dispersive element, 
said input/output waveguide being coupled by a transversely tapering waveguide section 
between the input/output waveguide and the MMI filter. 

21. A device according to claim 20 in which said tapering waveguide section 
and said MMI filter have the same width at the connection therebetween. 

22. A device according to claim 20 in which said tapering waveguide section 
and said MMI filter do not have the same width at the connection therebetween. 



A device according to any one of claims 20 to 22. in which the tapering 
waveguide section tapers so that its transverse width generally increases towards the MMI 
filter. 



24. A device according to any one of claims 20 to 23, in which said taper of 
the input/output waveguide is arranged to adiabatically transmit light signals. 
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25. A device according to any one of claims 20 to 24, the device being an 
optical coupler. 

26. A wavelength dispersive device comprising: 

at least one first substantially single-moded input/output optical v^veguide; 

a plurality of second substantially single-moded input/output waveguides; 

a wavelength dispersive element optically coupling said at least one first wiveguide w,th 

at least one of said plurality of second waveguides and comprising at least one optical 

interaction region; and 

a multimoded waveguide disposed on an end of at least one of said first or second 
waveguides adjacent to said optical interaction region, said at least one first or second 
waveguide tapering sideways in the neighbourhood of the multimoded waveguide. 

27. A wavelength dispersive device according to claim 26, in which said 
wavelength dispersive element comprises a plurality of arrayed waveguides connecting 
a pair of optical interacting regions, across which said first and second waveguides are 
coupled. 

28. A device according to claim 27, in which the difference in length 
between adjacent arrayed waveguides is constant. 

29. A multiplexer, demultiplexer, or multiplexer/demultiplexer comprising 
a optical device according to any one of claims 20 to 28. 

30. A switch comprising an optical device according to any of claims 20 to 

28. 



31. A wavelength router comprising an optical device according to any of 
claims 20 to 28. 



32. A multimode interference filter comprising a waveguiding region having 
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a width, transverse to a direction of optical propagation through the device, which varies 
along the direction of optical propagation through the device. 

33. A filter according to claim 32, comprising at least one input waveguide 
and at least one output waveguide arranged with respect to input and output regions of 
the filter so as to define a direction of optical propagation through the filter. 

34. A filter according to claim 32 or claim 33, in which the width of the 
waveguiding region varies substantially linearly along the direction of optical propagation 
through the device. 



35. A filter according to any one of claims 32 to 34. in which at least one 
transverse edge of the waveguiding region is curvilinear. 
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